Abstract-Interferometric satellite synthetic aperture radar (SAR) data was acquired from an area on Spitsbergen, Svalbard, during the European remote sensing satellite (ERS) Tandem mission in 1995-1996. Analyzing these data sets shows that the estimated SAR coherence is highly dependent on the satellite baseline length, and that corrections for this decorrelation effect is necessary if the baseline is a few hundred meters or more. Meteorological recordings are compared to SAR coherence estimates made at different seasons and surface categories: glaciers in motion, glacial forefields dominated by ice-cored moraines, lakes, rivers, and flat valleys with fine moraine materials like gravel and sand. It was found that temporal decorrelation effects are mainly due to changing surface conditions caused by precipitation and temperature variations around freezing, but that wind redistribution of snow also may play a role. Structures and cracks in the fjord ice as well as boundaries of lakes, rivers, and coastlines can be detected in SAR coherence images because of the contrast between high and low coherence areas. Low coherence is observed from those parts of moving glaciers that experience deformations shear, or zones of relative high velocity. The usefulness of 35-days interferometric SAR (e.g., the foreseen ENVISAT configuration) will be limited, even in sparsely vegetated areas like Svalbard, as compared to the ERS Tandem configuration.
I. INTRODUCTION

I
NTERFEROMETRIC synthetic aperture radar (InSAR) makes use of the phase difference that two radar signals experience to the same resolution element on the ground when observed with a slightly different viewing geometry. For satellite SAR platforms it is common to use a repeat-pass interferometry configuration where the repeat time interval can vary from one day [e.g., the European remote sensing (ERS) satellite Tandem Mission] to several months, or even years.
Repeat-pass SAR interferometry has made it possible to detect subtle changes in the earth's land and ice surfaces over periods of days to years, with a potential accuracy of millimeters [1] , and with the all-weather capability of the SAR sensors. SAR interferometry has thus been used to map earthquakes, investigate volcano eruptions, make digital elevation models (DEMs), and monitor glacier motions. A review on geophysical applications of radar interferometry can be found in [2] .
While an InSAR interferogram is a measure of the phase difference between two coregistered complex images where the first image is multiplied with the complex conjugate of the second image on a pixel by pixel basis, an InSAR coherence image is made by using both the amplitude and phase from the complex SAR image pair. The coherence can be said to be an estimate of the phase stability of the imaged targets in the time between two SAR acquisitions. In practice, this means that the coherence will be low if the imaged surface is undergoing changes. The coherence can also decrease if the signal has a significant volumetric scattering component. These matters were shown in [3] and [4] , which explored the use of ERS-1 SAR coherence images for classifying open fields, forest, and vegetated areas, as well as monitoring land use changes. SAR coherence has also been used to detect changes caused by surface moisture and thawing conditions [5] , and investigate construction work development of an airport using a set of ERS SAR coherence images [6] . The present study is part of the investigations performed under the European Space Agency (ESA) AO-Tandem project number 301 [7] : "ERS Tandem interferometric SAR studies on Svalbard," where Knut Eldhuset at Norwegian Defence Research Establishment (FFI) is the principal investigator, while the author is coinvestigator. This ESA AO-Tandem project uses ERS SAR data that are acquired from Svalbard in 1995 and 1996 during the ERS-1/ERS-2 Tandem mission. The project consists of tasks like: orbit determination and baseline estimation, phase preserving SAR processing, interferogram generation and quality assessment, interferogram simulation, coherence study, unwrapping techniques with two-dimensional (2-D) Kalman filters and DEMs, generation of DEMs from interferograms, and estimation of glacier motions [8] . The work presented here focuses on the analysis of InSAR image coherence and coherence changes from different land surface categories (glaciers, valleys, shore lines) with the assistance of meteorological recordings and maps. This is motivated by the fact that estimating SAR coherence is relative simple since there is no need for accurate orbit estimation, as is the case when making an interferogram.
II. BACKGROUND
A. Estimating the Coherence
The normalized coherence is given by the complex correlation between two coregistered SAR images where each complex pixel value and consist of both intensity-and phase information (1) 0196-2892/01$10.00 © 2001 IEEE In (1), the brackets is the estimated ensemble average and denotes the complex conjugate. In practice, estimating can be done by coherently averaging the complex values over a finite size window of single-look SAR image pixels (in range and azimuth direction, respectively) as shown in (2) at the bottom of the page.
Here, the first term in the numerator has to be multiplied by its complex conjugate in order to get a real number. Because of this multiplication, a square root operation also has to be performed in the numerator. The normalization in the denominator will give estimated coherence values in the range [0.0, 1.0]. The magnitude of is the degree of coherence between the two observations. This will also correspond to the fringe visibility in an InSAR interferogram.
B. Decorrelation Effects
The degree of coherence that is estimated from a complex SAR image pair can be considered as the product of different decorrelating factors as long as the sources of decorrelation are statistically independent (3) where SNR is the radar system signal-to-noise-ratio. is decorrelation due to the SAR processor, which is the processing stages from the SAR raw data to the single-look-complex (SLC) SAR image product. Baseline stands for the acrosstrack distance between the two satellite passes, and Registration is referring to the accuracy a SLC SAR image pair can achieve in the coregistration process. A volumetric decorrelation factor can also be included separately, but here it is assumed to be part of the temporal decorrelation.
The four first terms on the right-hand side of (3) are factors that one will desire to minimize (i.e., obtain values close to 1.0) so that the estimated coherence in an area is corresponding more or less to the amount of temporal decorrelation from the ground surface. and will contribute very little to the overall decorrelation when using ERS SAR data that are processed with the high performance phase preserving SAR processor at FFI [9] . The SAR processing that leads up to SLC InSAR image pairs, is making use of a common Doppler centroid. This is needed since two ERS orbits may have slightly different squints and hence different SAR Doppler centroids. This spectral misalignment is solved during the SAR processing by using the overlapping part of azimuth spectrum centered on the average of the two Doppler centroids.
The coregistration of the complex SAR image pair has to be done as accurately as possible. A coregistration accuracy better than 0.2 pixels in azimuth and range will according to [10] reduce the coherence by less than 10%. The SLC image coregistration algorithm realized at FFI uses a 2-D fast Fourier transform (FFT) on the SAR amplitude data. Then one of the SLC SAR images are resampled accordingly. The overall accuracy of this algorithm is better than 0.1 pixels, and the decorrelation due to registration errors can therefore be considered negligible.
C. Estimating Baseline Decorrelation
Expressions for the baseline decorrelation coefficients given in [10] and [11] can be rewritten as a function of slant range resolution , baseline , look angle , incidence angle , radar wavelength , and range distance
For the present ERS SAR images acquired over Svalbard, the range distance varied from 838.7 km to 877.6 km going from near-range to far-range in the SAR images. Similarly, the look angle varied from 17.2 to 23.3 across the SAR image swath while the incidence angle varied from 19.4 to 26.4 . A graphical presentation of the across-scene variations for some of the present Tandem data sets are given in Fig. 1 . The decorrelation for baselines of 300, 500, 700, and 1000 m are also plotted for comparison. From this, some important baseline characteristics are evident.
1) The SAR image coherence will decrease as the baseline length increases. 2) The across-scene will vary significantly for baselines of several hundred meters when going from far-range to near-range in the SAR coherence image. For baselines 76 m, will be higher than 0.93. At such relative short baselines, the decrease in values from far-range to near-range is 3%.
3) The baseline will set an upper limit on which values that can be expected in a SAR coherence image (before baseline compensation is performed). The across-scene bias effect as well as the general baseline decorrelation effect can be compensated for by applying a common spectral band filter in the range direction [12] as part of the SAR processing. However, one should notice that (2) Fig. 1 . Equation (4) is used to estimate the baseline decorrelation coefficient as a function of slant range pixels and baseline B B B (in meters) when using range, look angle, and incidence angle values typical for the present ERS SAR configuration over Svalbard.
this baseline compensation will degrade the ground range resolution since a reduced spectral bandwidth is used. This common spectral band filtering will also require accurate orbit estimation, and strictly speaking also a good DEM in order to estimate the local incidence angles in the SAR scene. No range spectral filtering algorithm was applied on the data set presented here. Instead, the baseline decorrelation factor is taken into account during the analysis and interpretation of the SAR coherence images.
III. TEST AREA AND DATA SETS
A. Svalbard Test Area
Svalbard is situated in the zone of continuous permafrost and has a relatively mild and dry climate. Sixty percent of the land area on Svalbard is covered by ice sheets and glaciers. The test area covered by the SAR images is located on the northwestern part of Spitsbergen at 79 N and 13 E, and stretches from Ny-Ålesund in the West to Austfjorden in the East, and from Sveabreen in the South to Woodfjorddalen in the North (see the map in Fig. 2 ). The area consists of numerous large glaciers (Kongsvegen, Kronebreen, Holtedahlsfonna, Isachsenfonna, Sveabreen) having different surface velocities, glacial forefields dominated by ice-cored moraines, flat valleys with fine moraine materials (stones, gravel, and sand), rivers and deltas leading into fjords, and an alpine landscape with nunataks and mountains reaching up toward 1300 m above sea level (a.s.l.).
B. Meteorological Data
Meteorological recordings are collected from the nearest meteorological station in Ny-Ålesund, 78 55′N and 11 56′E. This station is located at the far range of the SAR images studied here, and the meteorological data will therefore strictly speaking only be representative for the coastal region near to Kongsfjorden when used in the analysis of the coherence images. Fig. 3 . gives the daily average temperature and precipitation throughout the 
C. ERS SAR Data Set
As part of the ESA AO-Tandem project no. 301 carried out at FFI, 18 pairs of ERS Tandem SAR raw data from descending satellite pass over Svalbard were ordered from ESA/ESRIN [7] . SAR raw data tapes were received from German and U.K. processing and archiving facilities. Out of these data, eight Tandem pairs from the same geographical area (see marked frame in Fig. 2) were selected in order to study the SAR coherence in more detail. These SAR data are listed in Table I and were all acquired in descending satellite pass at approximately 11:40 UTC. The orbit and frame numbers give the unique location of a scene.
is the satellite baseline projected normal to the radar beam direction. The baseline values are estimated from PRL data (preliminary high precision satellite orbit data).
may vary a few meters over the synthetic aperture, so the values given in Table I are those estimated for mid-swath look angles using mid-azimuth positions.
D. Generation of Coherence Images
The coherence is estimated by applying (2) on each of the coregistered SLC interferometric SAR image pairs. This is done in our case by using an averaging window of size pixels (45 averaging pixels) in range and azimuth, respectively. The coherence block averaging is performed without any overlap (i.e., the pixels window will be shifted pixels in range and pixels in azimuth for every coherence estimation) to avoid correlation between coherence pixels. The size of the block averaging window will advantageously give a more or less square pixel size in the coherence image: Ground range pixel size SlantRangePixelSpacing/sin(MidSwathIncidenceAngle) three pixels 7. 
IV. COHERENCE ANALYSIS
A. Estimating the Coherence From Selected Test Areas
Test areas were selected from places with little topographic relief, glaciers, valleys, and water/ice surfaces (see Fig. 6 ). Some of these test areas represent glaciers known to be in motion (Kronebreen) as well as more static glaciers (Kongsvegen). Each test site covers an area of approximately 1 km . This is corresponding to a pixels window in the "45-look" ( pixels block averaging of the SLC images) coherence images. An estimate of the coherence from each test area is then simply obtained by averaging over the 289 coherence pixel values (i.e., the complex SAR values are not used in this second averaging process).
Ten test areas from Fig. 6 were used to estimate the coherence mean and coherence one standard deviation. The result for the five ERS Tandem pairs which had baselines 76 m is plotted in Fig. 7 , and shows that the coherence standard deviation increases as the mean coherence decreases. Also, there seem to be a threshold in this data set around 0.4 for which lower coherence do not give higher standard deviation. The reason for this breaking point is not clear, but the averaging process may play a role. The correlation coefficient of all the 50 samples plotted in Fig. 7 was 0.93, while a value as high as 0.96 was obtained when only those 31 samples which had a mean coherence value 0.4 were considered.
B. Analyzing the Temporal Coherence Profiles
At the ERS SAR wavelength of 0.056 m and with look angles between 17 and 23 , the radar signal will be strongly dependent on surface roughness, moisture conditions, and changes hereof. Volumetric components do also come in as a factor when considering snow-covered areas and glaciers. Meteorological recordings like air temperature and precipitation are important factors in the temporal decorrelation, and these factors may therefore aid in the analysis and interpretation of the SAR coherence images.
The three Tandem pairs from September 1995, February 1996, and March 1996, are having baseline lengths of 131 m, 139 m, and 171 m, respectively. These latter three pairs should strictly have been corrected for the longer baseline effect, but this was not done here. Instead, the theoretical max/min baseline decorrelation factors were estimated from (4) and plotted together with the temporal coherence profiles for comparison (see Figs. 8 and 9) . However, the relative high values of show that it is the temporal decorrelation that contribute the most to the low coherence, even for the data takes with the longer baselines.
All glacier surfaces near to Kongsfjorden are believed to be in a thawing condition in July because the recorded air temperatures at Ny-Ålesund were above freezing. This condition will give changes on the glacier surface, which is detected by the very low SAR coherence (0.23-0.34) from these areas. At the same time, high coherence (0.87) is observed in the Ny-Åle-sund area. This is because the snow-free areas around Ny-Åle-sund consist of sparse vegetation and rocks that do not change SAR scattering characteristics in situations of no precipitation. A summer coherence image can therefore be used to distinguish between glacier and no-glacier covered land areas.
In August, the higher elevation parts ( 500 m a.s.l.) of the glaciers do not undergo the same scattering changes as the lower parts. The low coherence from the lower elevation parts can be explained by a present surface melting process of these snow-/ice-covered areas. This situation is confirmed by air temperatures above freezing measured at Ny-Ålesund between the two SAR acquisitions.
The Ny-Ålesund meteorological station registered average temperatures of 0.4 C and 4.1 C as well as 18.6 mm and 6.9 mm precipitation at the SAR Tandem data acquisitions on January 10 and 11, 1996. The coherence was radically reduced in the Ny-Ålesund test area in this January image (0.26) as compared to August (0.90). Significant temporal decorrelation was also observed for the test areas in Dicksondalen (0.88 decreased to 0.37) and Lappneset (0.86 0.24). The meteorological data indicate that the high temporal decorrelation in the January image is probably caused by rainfall, sleet, or ground surface freezing processes in the lower elevation valleys. Kongsvegen gave a marked change from low (0.30) to high coherence (0.76-0.90) at an elevation around 400 m a.s.l., which means that the weather situation was more stable at the higher elevation parts of the Kongsvegen glacier these two days in January.
The SAR coherence from the February image gave relative high values ( 0.54) for both valleys and glaciers. With a baseline length of 139 m, the baseline decorrelation coefficient is approximately 0.9. This means that most of the decorrelation observed in the coherence image is caused by temporal effects.
Low coherence values were estimated from Holtedahlsfonna and Isachsenfonna (0.27 and 0.31, respectively) in February. Local low coherence was also observed in the April data set where, for example, Holtedahlsfonna had an average coherence value of 0.28, which is comparable to coherence values from the open water surface of Austfjorden. These local low coherence areas seen in both the February and April data sets (see middle of coherence images in Figs. 4 and 5 ) are located at glacier surfaces at various elevations, but also in valleys, hillsides, and on large moraines. No significant backscatter intensity changes were registered in these areas. The corresponding interferograms did not show extra fringes as may have been expected from atmospheric artifacts, but rather noise. NOAA AVHRR satellite weather images showed no large clouds over Svalbard in February, and only local clouds in the April data set. The meteorological station at Ny-Ålesund recorded no precipitation, and temperatures 7 C at the dates under consideration. Although Ny-Ålesund is more than 20 km away from the low coherence features, it is unlikely that these low coherence areas are due to rainfall or melting processes. Since no ground truth or local weather recordings are available, it is difficult to fully explain these low coherence areas. However, one suggestion is strong wind redistribution of the upper snow layer at places, leading to microscale changes that in turn decorrelates the SAR signal in the Tandem data sets. This is supported by a few observations where low coherence areas located next to nunataks, are looking like dark jet streams on the otherwise high coherence glacier surface.
The coherence in Dicksondalen, Lappneset, Woodfjorddalen, Ny-Ålesund, and the ice-covered Austfjorden were reduced by more than the baseline contribution (171 m as compared to 139 m for the February data set) from February to March (see Fig. 9 ). The temperatures in March were below freezing, but a mild period with possibly rainfall had taken place prior to the Tandem acquisition. This may have caused a temporal change in the ground leading to a slightly less stable backscatter situation between the two Tandem acquisitions in March.
The May coherence image gave high coherence values (0.75-0.90) from glaciers and valleys. Temperatures slightly below freezing and no precipitation were recorded at Ny-Åle-sund. It therefore seems to be a stable situation with respect to SAR backscatter properties from the ground surface covers. Initial tests from a 35-days ERS SAR coherence data set (April to May 1996) from Svalbard, show low coherence values from most parts of the imaged scene.
C. Coherence versus SAR Amplitude Values
The mean SAR amplitude values were estimated from the same test areas as the coherence. No absolute calibration factor was available for the InSAR data set processed at FFI. The ERS-1 and ERS-2 SAR amplitude images could still be scaled relative to each other by investigating the mean backscatter amplitudes from those areas that gave the highest coherence as well as smallest amplitude standard deviation. This relative calibration was done for the Tandem pairs acquired in February, March, April, and May. SAR amplitude changes were then compared to SAR coherence values from the different test areas. One result is that high coherence values 0.80 also are registered from areas that experienced an SAR amplitude change between 1.4 and 2 dB. This effect is most pronounce for the upper parts of Sveabreen, Holtedahlsfonna, Isachsenfonna, and Kongsvegen glaciers. One explanation is that there is a certain dielectric change but no geometric change at these elevations 600 m a.s.l.
D. Coherence From Ice-Covered Fjords
Cracks in the fjord ice were found in Dicksonfjorden and Nordfjorden in the April Tandem data set (see the SAR amplitude and coherence images in Fig. 10 ). These images are made by block averaging the SLC SAR images pixels (i.e., m in ground range and azimuth, respectively) so that finer details can be discriminated. The shore line can also be detected as a low coherence linear feature, and is probably caused by wave and tidal motions braking up the ice along the shore. Structures and cracks in the fjord ice can sometimes be detected using SAR amplitude images alone, but here these features were better detected using the SAR coherence image.
E. Detecting Coastlines and Structures in Valleys
Some ground surface structures can be very well defined by making use of the contrast between high and low coherence areas. In this manner, moraines at glaciers, rivers, deltas, and coastlines may be detected and extracted from the SAR coherence images. An example of SAR data from Holmströmøyra near to Ekmanfjorden at Svalbard in August 1995 is given in Fig. 11 . The images cover an area of km , and are made from block averaging the SLC SAR images pixels (i.e., m in ground range and azimuth, respectively) to obtain finer details. The lake surface, river, and fjord are roughened by wind conditions so that it is impossible to obtain clear-cut boundaries by analyzing the SAR amplitude images only. However, the Tandem coherence image can be used to map water surface structures and boundaries quite well. It is also easy to extract the coastline from this coherence image since the water surface decorrelates while the land surface is quite stable. SAR sensors operating with small incidence angles (e.g., ERS SAR images having 23 ) will gain the most from using coherence images to map land/water boundaries. For C-band SAR sensors using larger incidence angles (e.g., RADARSAT can operate up to 40 -50 ), the water surfaces will anyway give much lower SAR amplitude backscatter than the surrounding land cover, and hence a good contrast between water/land boundaries.
F. Detecting the Moving Parts of a Glacier
The interferometric SAR signal will decorrelate over those parts of a glacier that experience a per pixel motion in the radar beam direction that is larger than . For ERS SAR images with an incidence angle of 23 and a wavelength of 5.6 cm, the decorrelation limit for a ground surface motion in the horizontal direction is approximately: ( cm)/sin(23 ) 7.2 cm. Now, if temporal decorrelation due to weather conditions can be minimized, then the observed low SAR coherence areas may indicate glacier motions.
Kronebreen is known to have a mean speed of approximately 2.2 m per day throughout the year [13] . Obviously, this velocity leads to decorrelation in the Tandem SAR data, as can be seen from the mean coherence profiles in Fig. 8 and the coherence images covering Kronebreen and the lower parts of Kongsvegen in Fig. 12 . Similar decorrelations were found for the lower elevation parts of Stubbendorffbreen and Sveabreen (see coherence profiles in Fig. 8 and images in Fig. 13 ). The stable Kongsvegen glacier decorrelated insignificantly in the April Tandem data set (coherence 0.9).
The characteristic low coherence found at the shear zones at the sides of the moving glaciers comes from strong glacier surface deformation and rotation of ice-blocks in these high differential velocity parts. From the coherence images, it is seen that these deformation zones can have different widths from one glacier to the other. Since the shear zone width can vary a lot from one glacier to the other depending on the glacier dynamics, this width can not in itself be used to estimate the glacier velocity. However, the width of the active shear zone estimated directly from the coherence image can indicate something about the glacier dynamics as well as its surface roughness.
From the coherence images in Figs. 12 and 13, it is observed that high coherence is partly present in the middle of the glaciers, where normally the velocity is highest. Investigating the fringe patterns in the corresponding interferograms reveal that the fringes are less dense and even have saddle-, top-or trough patterns in these high coherence areas. This indicates a slower motion as well as a complex motion behavior at parts of the glacier. However, accurate glacier velocities can not be extracted directly from the coherence data. If this is wanted, interferometric SAR processing should be performed to obtain the well-known fringe pattern from which submeter velocity accuracies can be obtained from the glaciers [14] .
V. CONCLUSIONS
Both temporal factors and the satellite baseline length may contribute significantly to decorrelation of the InSAR data. Decorrelation from longer baselines (several hundred meters when using ERS data) should be compensated for by applying a range spectral filter during the InSAR processing.
Rocky and bare ground surfaces in valleys and near to the sea shore gave high coherence at seasons with little or no precipitation, but also at times with air temperatures steadily below freezing. At higher altitudes, the glaciers gave stable coherence larger than 0.8 in the winter months when the air temperatures where below freezing. Temperatures near freezing changed the scattering surface so that a reduced SAR coherence was the result. Wind redistribution of snow may also lead to lower coherence values.
Lakes, rivers, deltas, and coastlines can be extracted very well by means of the contrast between high/low coherence areas in the summer InSAR images. Cracks in the fjord ice were also detected in the same manner.
If temporal decorrelation due to weather conditions can be minimized, then the observed low SAR coherence from a glacier surface may indicate strong motions. In this respect, low SAR coherence values (between 0.26 and 0.48) were estimated from several glacier tongues which are known to have average velocities of several decimeters to a few meters per day. The deformation shear zones at the sides of these moving glaciers did also give low coherence. On the contrary, the same moving glaciers would give high coherence at places due to slower per pixel motion. Accurate glacier velocities can however not be extracted from the coherence data itself. If this is wanted, an SAR interferogram should be used.
The repeat-pass SAR coherence technique can achieve useful results in areas with little or no vegetation. Results show that precipitation and temperatures around freezing greatly influence the coherence measures, and that the temporal decorrelation may be a limiting factor even in the 1-day Tandem data sets. It will therefore be best to acquire InSAR data using short satellite repeat cycles (i.e., a few days) to reduce the probability of temporal decorrelation caused by meteorological variations. The usefulness of 35-days repeat pass InSAR data (e.g., the foreseen ENVISAT configuration) will be limited at Svalbard due to temporal decorrelation caused by precipitation, temperature changes, melting glacier surface processes, and glacier motions.
